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LIST OF ILLUSTRATIONS
Low lattice thermal conductivity
During this search, a new family of materials having the skutterudite structure was identified. Preliminary data obtained on some of the compounds of this family showed that they combine promising electrical and thermal properties [I] . The skutterudite structure was originally attributed to a mineral from Skutterud (Norway) with a general formula (Fe, Co, Ni) As3 [2] . The skutterudite structure (cubic space group Im3, prototype CoAs3) is illustrated in Figure 1 Chemical stability and low vapor pressure A low lattice thermal conductivity and a high camer mobility are desirable to obtain improved thermoelectric properties in new semiconductor materials. High carrier mobility values are usually found in crystal structures with a high degree of covalency. It has been shown that the bonding is predominantly covalent in the skutterudite structure [3] and high hole mobility values have been measured on several skutterudite compounds: IrSb3 [4] , RhSb3 [SI and RhP3 [6] . The unit cell is relatively large and contains 32 atoms which indicate that low lattice thermal conductivity might be possible. For state-of-the-art thermoelectric materials such as PbTe and Bi2Te3 alloys, the number of isostructural compounds is limited and the possibilities to optimize their properties for maximum performance at different temperatures of operation are very limited. This is not the case for the skutterudite family of materials, where ten binary compounds and several solid solutions and related phases are known to exist. These materials cover a large range of decomposition temperatures and bandgaps which offers the possibility to adjust composition and doping level for a specific temperature range of application. However, very little information is available about their thermoelectric properties and the available data is briefly reviewed in the following sections.
elements Co, Rh, Ir with P, As, Sb. In this structure each metal atom has six bonds to a pnicogen and each of three pnicogens has two bonds to another pnicogen. Thus, each bond has two electrons which is consistent with the fact that they are diamagnetic semiconductors [7] . Figure 2 shows the room temperature Hall mobility for several ptype binary skutterudite compounds as a function of the Hall carrier concentration. All results were obtained at JPL except for RhF'3 which was found in reference [ti] . Values for state-of-the-art semiconductors were also incIuded for comparison. It is clear that the skutterudite compounds have exceptionally high hole mobility, substantially higher than state-of-the-art semiconductors for a given carrier concentration. We have measured a Hall mobility value close to 8000 cm2.V .s on a p-type RhSb3 single crystal with a Hall carrier concentration of about 3 . 5~1 0 '~ ~m -~. This is the highest p-type mobility ever measured at this doping level and is more than a order of magnitude larger than the best ptype mobilities achieved by state-of-the art thermoelectric materials. All skutterudites have these high hole mobilities which make them very promising materials for thermoelectric applications. electrical properties by performing suitable substitutions on the transition metal site or the pnicogen site. In natural skutterudite ores, cobalt is often partially replaced by nickel and iron [8] . The substitution limit in the systems F+Col-,As3 and Ni,CoI-,As3 has been studied [9] . In the system Fe,Col-xAs3, with 0 I x 5 0.16, it was found that the substitution of cobalt by iron decreases the resistivity. For iron concentrations higher than 1 %, the conductivity becomes n-type and iron is a donor. The homogeneity limit of the phase Ni,CoI-xAs3 is larger and 0 I x 5 0.65. Nickel behaves as a donor impurity and the resistivity of the samples decreases with increasing substitution. The conductivity is p-type for CoAs3 and becomes n-type with 1% substitution of nickel for cobalt.
Cop3 and CoAs3 form a complete range of solid solutions which obey the Vegard's rule [IO] . For the system CoAs3-,SbX a miscibility gap in the region of x = 0.4 to 2.8 was found [lo] . These are the only solid solutions between binary skutterudite compounds reported in the literature but it is likely that the other skutterudite compounds form solid solutions, at least in some limited range of composition. Such solid solutions should have lower lattice thermal conductivity than the binary compounds themselves because of the increased point defect scattering. It is also expected that the carrier mobility in these mixed crystals would be lower although they should remain relatively high because of the small difference in electronegativity between the pnicogens, for example, 0.01 (As and P). The ratio between mobility and lattice thermal conductivity would be substantially The objective of the effort sponsored by DOE was to investigate the potential of ntype skutterudite materials. Because the properties of p-type IrSb3 and CoSb3 were investigated first, efforts concentrated on identifying suitable n-type dopants for these two compounds. Once dopants were identified, the properties of n-type IrSb3 and CoSb3 were investigated and it became clear that solid solutions between these two compounds appeared more promising because the lattice thermal conductivity of the binary compounds was too high, limiting the thermoelectric efficiency. Efforts were then directed to the preparation of n-type solid solutions IrSb3-CoSb3 because significant improvements in the figure of merit by forming solid solutions are possible but only if the relative drop in lattice thermal conductivity is substantially larger than the corresponding decrease in carrier mobility.
The report consists of the following sections:
Properties of n-type IrSb3 compound
Conclusions
Properties of n-type CoSb3 compound Properties of n-type IrSb3-CoSb3 solid solutions 2. n-Type IrSb, compound
Methods of Preparation
Previous attempts at growing IrSb3 from Sb-rich melts have always resulted in multiphase samples containing inclusions of Sb. This is due to the peritectic plateau of IrSb3 extending up to 97 at.% Sb [I 13 and as a consequence only a very narrow range of compositions (with steep temperature variations) is available for crystal growth. Two different techniques were developed for the preparation of polycrystalline IrSb3 samples: hot-pressing of pre-reacted powders (HP) and liquid-solid phase sintering of elemental powders (LSPS). Samples prepared by these methods and with no dopant always showed p-type conductivity. N-type samples have been obtained by adding suitable dopants in elemental form to the mix of Ir and Sb.
Hot-pressing:
The elemental powders (purity of 99.9% or higher) in amounts close to stoichiometric ratios were placed in a glassy carbon crucible, sealed into quartz ampoules under lo-' Torr vacuum and reacted by solid state interdiffusion at 600°C. This temperature has been chosen to prevent the melting of Sb (the element with the lowest melting point, 63 1°C) and to avoid a segregation phenomenon during synthesis. For mixed Ir and Sb compositions, a reaction time of 24 hours was found sufficient for the synthesis of a completely alloyed powder. This method allowed preparation of large quantities in a relatively contamination-fiee environment.
The pre-reacted powders were then hot-pressed at 8OO0C for 2 hours in graphite dies of 6.35 mm ID at pressures of up to 20,000 psi. An "Astro" hot-pressing furnace with a constant flow of argon was used. Compact cylindrical pellets 6.4 mm in diameter and 5 to 8 mm long were obtained by this process. Preparation of the samples by hot-pressing was found to be much more time consuming than the liquid-solid phase sintering approach (LSPS) described in the following section. However, results showed that many HF' samples were high quality cylindrical samples with mass densities better than 98% of the theoretical value (using a simple interpolation scheme) before annealing, whereas the LSPS samples were more porous and mass densities were in the 90-94% range of theoretical values.
Liquid-solid Phase Sintering
Flat bottom 6.35 mm ID quartz ampoules were carbon coated on the inside by cracking acetone and then annealed for a short period of time in vacuum. Elemental powders of Ir and dopants were mixed and placed at the bottom of the ampoules. After, Sb shots were added on top, the ampoules were sealed under vacuum (better than 1 O' 5 Torr). Ir and Sb elements were loaded in amounts close to stoichiometric ratios. The ampoules were then heated up to 950°C and held at this temperature for 24 hours. During the process, melted Sb diffused through metal powders and the liquid-solid phase sintering (LSPS) resulted in slightly conical samples about 6.3 mm in diameter and up to 15 mm long.
Methods of Physico-Chemical Analysis
Samples were investigated using an optical microscope with and without light polarization or Nomarski contrast to observe their quality and homogeneity. Microprobe analysis (MPA) was performed on selected samples to determine their atomic composition using a JEOL JXA-733 electron superprobe operating at 20 kV of accelerating potential and 25x10-' A of probe current. Pure elements were used as standards and X-ray intensity measurements of peak and background were conducted by wavelength dispersive spectrometry. Mass densities were determined using the immersion technique. Because of the substantial porosity found, LSPS samples were held for at least 30 minutes in toluene before weighing to allow the liquid to penetrate the pores. A Siemens D-500 diffiactometer produced diffractometry patterns at room temperature. Small additions of Pt or Si powders were made to some samples as an internal standard.
2.3.
Measurements of Thermoelectric Properties
The electrical and thermal transport properties of the samples investigated in this program were measured in our different apparatus in the 25-1 OOO°C temperature range. The electrical resistivity and the Hall coefficient were measured by the Van der Pauw method [ 121 using tungsten probes located on the top surface of the sample as close as possible to the sample's edge (typically a 1 mm thick, 6.35 mm diameter slice). The Seebeck coefficient measurement was conducted by creating a variable temperature difference across the sample and measuring the corresponding linear variation of its thermoelectric voltage [ 131. Large samples are usually measured by this technique but samples as thin as 1 mm can also be accommodated. The thermal difisivity and the heat capacity of selected samples was measured by our flash diffusivity technique [ 141. The heat capacity determination is a delicate measurement, but provided a careful calibration of the system (heat input from the flash lamp) is conducted on a standard graphite sample, we have found that reasonably good data can be obtained.
2.4.
Thermoelectric Properties Samples prepared with no dopant always showed p-type conductivity and numerous dopants have been experimentally investigated in order to produce n-type IrSb3. Samples doped with Pt, Ni, Pd, Ag, Te, Se, Au, Cu, I, Re, Bi, Pb, Yb, Ge, Sm, Ga, Mn, Zn, B, Al, In and Hg were prepared. Dopants concentration were ranging between 0.1 and 0.15 at.%. Samples doped with Ni, Pd, Ag, Te, Se, Au, Cu, I, Re, Bi, Pb Yb, Ge, Sm, Ga, Mn, Zn, B, A1 and Hg all have p-type conductivity. between 0.05 and 0.15 at.% changed the conductivity to n-type. MPA of the samples doped with Pt concentrations higher than 0.15 at.% always showed some secondary phases and the solubility limit of Pt in IrSb3 is about 0.15 at.%.
Room temperature van der Pauw, Hall coefficient, Hall carrier concentration and Seebeck coefficient measurements of Pt doped IrSb3 samples are summarized in Table 1 .
Only Pt was found to be a good n-type dopant in IrSb3. Doping with Pt concentration Fo are Fermi integrals. Using the same formalism, the Hall carrier concentration (dp) can be expressed as: 2 312 n/p = 4/dp (2n;m*kT/ h ) F1/2 (6)
Using the room temperature values of the Seebeck coefficient and assuming acoustic phonon scattering, the Fermi level E , can be calculated from equation (1) and used in equation (2) to calculate the effective mass m*. Using the data tabulated in Table I , an average mass 1.5 1 m, was calculated for the electrons. This mass is rather large compared to the hole mass which was estimated at 0.17 m, [ 151 and explains the large values of the n-type Seebeck coefficients.
High temperature measurements were conducted on selected samples and the results are reported in Figures 3,4 ,5 and 6 for the electrical resistivity, Hall mobility, Seebeck coefficient and thermal conductivity, respectively. Figure 3 shows the electrical resistivity value as a function of the temperature for several n-type samples with different doping levels. These samples clearly show an intrinsic behavior at high temperatures and a bandgap of 1.18 eV was estimated from the linear variations of the electrical resistivity at high temperatures. The variations of the Hall mobility are shown in Figure 4 . The Hall mobility of the samples is n-type up to about 300°C and becomes p-type for higher temperatures, increasing up to about 700°C. This due to compensation effects by high mobility holes. The high temperature Seebeck coefficient values are shown in Figure 5 . For lightly doped n-type samples, minority carrier compensation effects are also observed and the Seebeck coefficient changes sign at relatively low temperatures, becomes positive and then follows the variations of typical p-type samples at high temperatures [ 15 1. For n-type samples with a high doping level, the Seebeck coefficient remains n-type up to a temperature of about 700°C.
The thermal conductivity of two n-type samples was calculated from thermal diffusivity and heat capacity measurements up to 700°C and the results are shown in Figure 5 . The thermal conductivity decreases from a room temperature of about 95 mW.cm-'.K-' to a minimum value of about 35 mW.cm-'.K-' at a temperature of 650°C. The lattice thermal conductivity was estimated by substracting the calculated electronic contribution to the total thermal conductivity using Wiedeman-Frau law and was found to represent 90% of the total thermal conductivity: 85 mW.cm-'.K-'. Figure 7 shows the calculated ZT values for two n-type samples doped with Pt. ZT values increase with temperature, reach a maximum of about 0.16 at a temperature of 500°C and then decrease with increasing temperature corresponding to the decrease of the Seebeck coefficient above this temperature for heavily doped n-type samples. Relatively low ZT were obtained for n-type IrSb3 mainly because the lattice thermal conductivity of IrSb3 is too large. Reduction of the lattice thermal conductivity can be achieved by forming solid solutions between isostructural compounds. CoSb3 is isostuctural to IrSb3 and the properties of p-type IrSb3-CoSb3 were investigated in parallel to this effort on n-type skutterudite materials. Before investigating the properties of the solid solutions, the properties of n-type CoSb3 were characterized and are presented in the following section.
n-Type CoSb, compound
3.1.
The Co-Sb phase diagram shows that the growth of the compound CoSb3 can be initiated from Sb rich melts between 91 and -97 at.% Sb [16] . Crystals of CoSb3 were grown using the gradient freeze technique from melts with 93 at.% Sb in sealed quartz ampoules coated with carbon. A temperature gradient of about 5O"C/cm was maintained at the growth interface and the growth rate was about 0.7"C/hour. Dopants were added to the original melts to produce n-type conductivity samples. Typical ingots after the growth were composed of two parts: the bottom part corresponding to the compound CoSb3 and the upper part corresponding to the Sb-rich eutectic. The crystals were investigated using the techniques described in section 2.2. Selected samples were polished and their microstructure was investigated under an optical microscope. Some samples were ground for X-ray diffractometry (XRD) analysis. The results showed that the samples were single phase and the obtained patterns corresponded to the skutterudite structure. Density of the samples were measured and were found to be about 99.5% of the theoretical density (7.69 g.~rn-~). Samples were cut from the ingots in the form of disks about 2 mm thick and 10 mm in diameter. The thermoelectric properties of these samples were measured using the techniques described in section 2.3. and are presented in the following section.
Methods of Preparation and Physico-Chemical Analysis
3.2.
Thermoelectric Properties Te was found to be a good n-type dopant for CoSb3 and samples with n-type conductivity were obtained by doping with Te concentrations between 0.08 and 0.15 at.%. Room temperature van der Pauw, Hall effect and Seebeck coefficient are summarized in Table 2 . N-type samples cut from the same ingot have different carrier concentration because of the segregation of Te during the directional crystallization. N-type samples have higher electrical resistivity than p-type samples [ 1 71 because ntype Hall mobilities are substantially lower than p-type. Similarly to n-type IrSb3, ntype CoSb3 samples have large Seebeck Coefficient and using the same formalism described in section 2.4., the electron effective mass was estimated at 1.65 m , , for CoSb3. The electron effective mass is relatively large for CoSb3 and explains the relatively large Seebeck coefficient values measured on the n-type samples. The band structure seems to be very similar for CoSb3 and IrSb3 because the hole and electron effective masses have very close values in both compounds.
High temperature measurements were conducted on selected samples and are shown in Figures 8,9 , 10,l I for the electrical resistivity, Hall mobility, Seebeck coefficient and thermal conductivity, respectively. Figure 8 shows the high temperature values of the electrical resistivity for several n-type Te doped samples with different doping levels. For all the samples the electrical resistivity increases with increasing temperature up to a temperature of about 250°C. Above this temperature the variations of the electrical resistivity are linear with temperature with an activation energy of about 0.55 eV. Figures  9 and 10 show the variations of the Hall mobility and Seebeck coefficient as a function of temperature for n-type CoSb3 samples doped with Te. The Hall mobility is negative up to about 200°C and becomes positive for higher temperature where the minority carrier (holes) conduction becomes more significant. The Hall mobility increases up to about 400°C and then decreases up to 550°C. The variations of the Seebeck Coefficient are quantitatively similar to the variations of the Hall mobility. However, the Seebeck coefficient changes sign at about 300"C, higher than for the Hall mobility.
The thermal conductivity of two n-type samples was measured up to about 500°C and the values are shown in Figure 1 1 . The values for one p-type sample is also shown for comparison [ 1 71. The thermal conductivity decreases from room temperature up to about 400"C, reaches a minimum value of about 40 mW.cm-].K-' and then increases due to increasing minority carrier conduction (bipolar contribution). The lattice thermal conductivity was estimated by substracting the calculated electronic contribution to the total thermal conductivity and was found to be about 90% of the total thermal conductivity: 103 rnW.cm-'.K-'. Figure 12 shows the calculated ZT of one n-type CoSb3 sample. ZT reaches a maximum of 0.05 at about 150°C and then decreases with increasing temperature. At about 350"C, the sample changes from n-type to p-type and the ZT values increase up to about 450°C and decrease for higher temperatures. Although no efforts were made to optimize the doping level, ZT values seem to be limited by the relatively large thermal conductivity values as for IrSb3.
ZT values of n-type samples of the compounds CoSb3 and IrSb3 are limited by the relatively large thermal conductivity of these compounds. Lowering the lattice thermal conductivity can be obtained for solid solutions where point defect phonon scattering is increased. We applied this approach to the system Co,Irl-,Sb3 and investigated the properties of n-type solid solutions in this system.
n-Type CoSb,-IrSb, Solid Solutions
4.1.
No quasibinary alloying behavior was expected due to the incongruent melting character of the compounds (peritectic decomposition temperature of 1141°C for IrSb3 and 929°C for CoSb3). Also the difference in lattice parameter values between the two binary compounds is substantial, about 2.3%. However, MPA and X-ray analysis demonstrated that a partial solid solution range exist between the IrSb3 and CoSb3 compounds [18] . In the system Co,Irl,Sb3, there is a miscibility gap for 0.2<x<0.65.
Samples were prepared exclusively using the LSPS technique described in section 2.1.2. with the following adaptations. Elemental powders of Ir, Co and one dopant were loaded at the bottom of the ampoules and Sb shots were then added at the top. Co, Ir, Sb and dopant were loaded in amounts close to stoichiometric ratios. The ampoules were then heated up to 800°C for Co-rich solid solutions and up to 950°C for Ir-rich solid solutions. The temperature was held for 24 hours. Samples about 6.3 mm in diameter and about 15 mm long were produced.
The properties of three different solid solutions in the system Co,Irl,Sb3 were investigated. For the Ir-rich solid solution (Coo.l2Ir0,88Sb3), Pt was used as a dopant because it was found to be a good dopant for IrSb3. Samples of two Co-rich solid solutions were also prepared. For the solid solution Co0.941r0.06Sb3, Te and Pt were used as dopants and for the solid solution Co0.88Ir&3b3, Te, Pt, T1 and In were used. 
Methods of Preparation and
Room Temperature Properties
The room temperature properties of some Pt doped, single phase and homogeneous (a) Seebeck coefficient (p.V.K-') and PF power factor (pW.cm-1K-2)
The samples were doped with Pt concentration between 0.12 and 0.6 at%. The solubility limit of Pt seems to be higher in this solid solution than in IrSb3. With increasing Pt concentration in the samples, their electrical resistivity decrease and a minimum value of 7.6 mR.cm was achieved. The room temperature properties of some Pt and Te doped, single phase and homogeneous samples of the solid solution Co0.941r0,06Sb3 are reported in Table 4 . Doping with Te or Pt concentration of 0.2 at% produced n-type samples. Finally, the room temperature properties of some Pt, In, T1 and Te doped, single phase and homogeneous samples of the solid solution C00.8&-0.~~Sb~ are reported in Table  5 . Samples containing In, T1, Te and Pt concentration between 0.2 and 0.6 at% have ntype conductivity. !.cm), (pH) Hall mobility (cm2 .v-*s-l), (a) Seebeck coefficient (pV.K-') and PF power factor (pW.cm-'K-2) Doping with Te or Pt concentration of 0.2 at% produced n-type samples. Finally, the room temperature properties of some Pt, In, T1 and Te doped, single phase and homogeneous samples of the solid solution Coo.&0.~2Sb3 are reported in Table 5 . Samples containing In, T1, Te and Pt concentration between 0.2 and 0.6 at% have n-type conductivity.
In order to assess the impact of the solid solution formation on the electrical properties of n-type samples, a comparison of the Hall mobility of the samples for the binary compounds and the solid solutions was done and is represented in Figure 13 . For the same carrier concentration, the Hall mobility of n-type CoSb3 samples is significantly higher than the Hall mobility of n-type IrSb3. For the solid solutions, the same trend is observed. Hall mobilities measured on samples of the Ir-rich solid solution are significantly lower than those for the Co-rich solid solutions. A maximum Hal1 mobility value of 3.9 cm2.V-'.s-' was measured for the Ir-rich solid solution and a maximum value of about 75 cm2.V-'.s-' was measured for the Co-rich solid solutions. In solid solutions, it is expected to observe a decrease in the Hall mobility due to an increase of the carrier scattering rate because of the mass disorder. However, it seems that different scattering mechanisms are present in Co and Ir-rich solid solutions, resulting in a significant decrease in the Hall mobility for the Ir-rich solid solution while the Hall mobility in Co-rich solid solutions is less reduced. (d) density (g.cm"), p electrical resistivity (mQ.cm), (pH) Hall mobility (cm2.V%'), (a) Seebeck coefficient (pV.K-') and PF power factor (pW.cm-'K-2)
are shown in Figure 14 . Because the Hall mobility of the Ir-rich samples are much lower than those for the Co-rich, the electrical resistivity of the samples of the Ir-rich solid
The electrical resistivity values of CoSb3, IrSb3, Co and Ir-rich solid solutions samples solution are significantly larger than those of the Co-rich solid solutions. A minimum electrical resistivity value of 7.6 mR.cm was measured for the Ir-rich solid solution and a minimum value of about 2 mQ.cm was measured for the Co-solid solutions. For carrier concentration above 1020cm-3, the electrical resistivity of the samples are higher. These samples are likely to be compensated at room temperature (mixed conduction) and the Hall carrier concentration measured on these samples does not correspond to an extrinsic carrier concentration.
are shown in Figure 15 as a function of the carrier concentration. In a solid solution system, it is not expected to observe significant changes in the Seebeck coefficient with composition and at a similar doping level unless the binary compounds have significantly different band structure which is not the case in this system. The electron effective mass value of CoSb3 and IrSb3 are similar and consequently the Seebeck coefficient values for a given carrier concentration are similar for CoSb3, IrSb3, Co and Ir-rich solid solutions samples. conduction. For the Ir-rich solid solution samples, the resistivity is higher and increases only very slightly with temperature and decreases at high temperatures also due to increasing minority carrier concentration. At high temperature, the electrical resistivity varies almost linearly with inverse temperature and the activation energy is clearly higher for the Ir-rich solid solution sample than for Co-rich solid solution samples. This is expected because the bandgaps of CoSb3 and IrSb3 were estimated at 0.55 and 1.18 eV, respectively. Figure 18 shows the high temperature values of the Hall mobility as a function of temperature for n-type Co and Ir-rich solid solution samples. The Hall mobility is negative up to about 300°C and then becomes positive when hole conduction increases. The experimental Seebeck coefficient values are shown in Figure 19 as a function of temperature. The Seebeck coefficient for all Co-rich solid solution samples is large at low temperature and nearly constant up to about 300°C where it starts decreasing because of increasing minority carrier conduction similarly to the variations of the Hall mobility. The intrinsic behavior becomes more important at higher temperature and the Seebeck coefficient of the samples decreases sharply. The Seebeck coefficient of the Ir-rich sample is much lower but this is likely due to some compensation effects which are already observed at room temperature. Combining the measurements of the electrical resistivity and Seebeck coefficient, the power factor values for Co and Ir-rich solid solution samples are shown in Figure 20 as function of temperature. Again, because the electrical resistivity of Ir-rich solid solution samples is larger than those for Co-rich, the power factor of Irrich samples are much lower than those for Co-rich. An interesting behavior is observed near room temperature where the power factor of several samples seems to increase with decreasing temperature. Low temperature measurements would be of interest and would clarify if this behavior is reproducible and provide information about the origin of this increase (if real). The power factor are maximum at about 200°C and a maximum value of 21 pW.cm"KS was achieved at this temperature.
Significant improvements in the figure of merit are possible by forming solid solutions only if the relative drop in lattice thermal conductivity is substantially larger than the drop in carrier mobility. The thermal diffusivity and heat capacity of several Co and Irrich solid solution samples was measured from room temperature up to about 500°C. These data were used to calculate the thermal conductivity of these samples and the results are shown in Figure 21 . The results show that a very large drop in thermal conductivity was achieved compared to the values for CoSb3 and IrSb3 also shown in Figure 2 1. The sample doped with T1 shows a lower thermal conductivity than the other samples. This particularly low value might be related to a stronger mass disorder introduced by heavy T1 atoms in the lattice. However, more data would be needed on T1 doped samples to clarify this result. For all other samples, the thermal conductivity is nearly constant with temperature (typical of solid solution with strong point defect scattering) with a value of about 30 W.m" K-I. Figure 22 . For all samples, the figure of merit is maximum around 300"C, increasing form room temperature and decreasing above this temperature. Although the thermal conductivity of the Ti doped sample was substantially lower than for the other samples, its power factor was also lower resulting in similar ZT values. A maximum value of 0.36 was measured on two samples. This represents a 160% improvement compared to the maximum value obtained for IrSb3 (0.15). The reduction in carrier mobility in Co-rich solid solutions was substantially lower than the large reduction in thermal conductivity. Although large improvements in the figure of merit were obtained for n-type Co-rich CoSb3-IrSb3 solid solutions, the maximum ZT obtained are still relatively low and don't exceed the values of state of the art thermoelectric materials.
The figure of merit ZT was calculated for several samples and the results are shown in
Conclusions
N-type samples of IrSb3 were prepared using a liquid-solid phase sintering and also by hot-pressing of pre-reacted powders. Pt was found to be a good n-type dopant for IrSb3. N-type samples have large Seebeck coefficients but higher electrical resistivity than p-type samples. High temperature transport property measurements showed that ZT values for n-type IrSb3 are limited by relatively high thermal conductivity values: about 95 mW.cm-'.K-' at room temperature. N-type CoSb3 crystals were grown using the 
